A practical method for the quantitative measurement of estrone conjugates (E1C), pregnanediol-3-glucronide (PdG), follicle stimulating hormone (FSH), and monkey chorionic gonadotropin (mCG) in the excreta of non-human primates were described. In the series of studies, results suggest that 1) urinary and fecal steroid metabolites accurately reflected the same ovarian or testicular events as observed in plasma steroid profiles in captive Japanese macaques, time lags associated with fecal measurements were one day after appearance in urine; 2) these noninvasive methods were applicable to wild and free-ranging macaques for determining reproductive status; 3) hormonal changes during menstrual cycles and pregnancy could be analyzed by measurement of FSH, CG and steroid metabolites in the excreta in captive great apes and macaques; and 4) hormonebehavior relationships of macaques in their natural habitats and social setting could be analyzed. In macaques, between maternal rejection and excreted estrogen, but not excreted progesterone were associated, moreover, in male study, significantly higher levels of fecal cortisol were observed in highranking males. In addition, reliable noninstrumented enzyme-linked immunosorbent assay (NELISA) for detection of early pregnancy in macaques was established. These results suggest that the noninvasive characteristic of excreted hormone monitoring provide a stress-free approach to the accurate evaluation of reproductive status in primates.
for endocrine analysis and the levels provide a more accurate representation of the temporal dynamics of endocrine events. The disadvantage of collecting blood samples is that animals must be captures, restraint and venipuncture. On the other hand, urinary or fecal assessment offers the major advantage of allowing long-term monitoring of reproductive function from animals in which routine blood collection is impractical. Moreover, the metabolite concentrations in excreta are two to four orders of magnitude higher than that of the parent steroid in blood.
The present study was designed to examine 1) whether urinary and fecal steroid metabolites accurately reflect the same ovarian or testicular events as observed in plasma steroid profiles in captive Japanese macaques; 2) whether these noninvasive methods were applicable to wild macaques for determining reproductive status; 3) hormonal changes during menstrual cycles and pregnancy in captive great apes and macaques by measurement of FSH, CG and steroid metabolites; and 4) hormo ne-behavior relationships of macaques in their natural habitats and social setting. In addition, reliable noninstrumented enzyme-linked immunosorbent assay (NELISA) for detection of early pregnancy in macaques was established.
Sample Collection and Hormone Assays

Sample collection
Morning urine samples (1 ml) were aspirated by disposable syringe from the cage floor of their individual night dens after they were taken out to the playground in apes. In macaques, containers for collecting urine were placed under the individual cages. Several hours later, urine accumulated in the containers was collected by disposable syringe. All samples were frozen immediately at -30 C and stored until the assay [6] [7] [8] [9] .
After keepers cleaned up the cage room, a thumbnail sized amount of fecal samples were collected from their cage floor, the floor under the individual cages, or the ground of the enclosure in captive animals. All samples were frozen immediately at -30 C and stored until the assay. Fecal samples from wild macaques were collected by following targeted animals. As soon as animals d e f e c a t e d , f e c e s w e r e s c o o p e d i n t o a n appropriately labeled plastic bag, which was kept in a cooler bottle. Upon returning to the field station fecal samples were then kept frozen at the field station until transported to the laboratory [7, [10] [11] [12] .
Hormone assays
Plasma concentrations of estradiol17β (E2), progesterone (P) and luteinizing hormone (LH) were determined by radio immunoassays (RIAs) described previously [10, [13] [14] [15] . Urine and fecal samples were analyzed for estrone conjugates (E 1 C), pregnanediol-3-glucronide (PdG) by enzyme immunoassays (EIAs) [6] [7] [8] [9] [10] [11] [12] . Follicle stimulating h o r m o n e ( F S H ) a n d m o n k e y c h o r i o n i c gonadotropin (mCG) were also measured in urine samples by enzyme linked immunosorbent assays (ELISAs) as previously described [8-9, 16, 17] .
To compensate for variations in urine volume and concentration, the creatinine concentration of every urine samples was determined using the Taussky's method [18] .
Urinary and Fecal Steroids Metabolites in Japanese Macaques
Estrogen & progesterone
In research focusing on reproductive status, while blood samples for hormone assessments have been valuable, the development of methods for urine and fecal monitoring brought several advantages. The primary benefits of excreted samples is that a collection protocol can be imposed for prolonged time periods without manipulating or stressing animals which is essential when events to be studied are infrequent, take place over long periods, or when the amount of blood available for collection is limited [4] . In addition, excreted samples are useful in the study of free-ranging animals because it is possible to collect samples for hormone evaluations without darting or trapping.
In this study, we measured the concentration of excreted steroids from non-invasive collection of samples to examine whether urinary and fecal steroid metabolites accurately reflect the same ovarian events as observed in plasma steroid profiles in captive Japanese macaques.
Plasma steroid profiles showed typical patterns in ovulatory cycle in macaques. The E 1 C profiles of urinary and fecal samples revealed a midcycle peak, followed by a sustained PdG increase lasting up to two weeks from the E1C peak. The fecal E1C peak occurred one day later than the urinary E 1 C peak. Levels of urinary and fecal steroid metabolites were approximately parallel to those of plasma steroid respectively (Fig. 1) .
The parallelism between the profiles of plasma steroids and those of the appropriate metabolites indicate the utility and reliability of measuring excreted ovarian steroid metabolites by EIAs in noninvasively collected samples.
Testosterone
We established a simple and rapid method for the extraction and quantification of excreted testosterone (T) in male Japanese macaques [10] . Fig. 1 . Changes in plasma, urine, and fecal hormone levels from 2 captive female Japanese macaques during ovarian cycle. Top:
Profile of plasma LH. Second: Profiles of plasma E2 (E) and progesterone (P). Third: Profiles of urinary E1C and PdG per mg of creatinine (Cr). Bottom: Profiles of fecal E1C and PdG per g of wet weight of feces. In all graphs, x-axis indicated the day from urinary E1C peak. Paired plasma and excreta hormone profiles, from both intact and hormonally treated castrate males, are presented to document the physiological invasive assessment of T dynamics in this species. Radio immunoassays of paired fecal and plasma samples collected from 4 intact sexually mature males during the breeding season provided profiles that were significantly correlated when samples were offset by approximately 48 hr. Additionally, no significant differences were observed in the pattern of temporal variation of T levels in serum and feces (Fig. 2) . Two castrated males were injected with radio inert T, and the patterns of excretion were observed by analysis of serial fecal and urine samples. Approximately 48 hr after the steroid was administrated, a significant peak in the average fecal T levels was apparent. The injection event was also registered in the urine of both males, although qualitative differences were observed. These data suggest that measures of fecal T provide a reliable and non-invasive means of assessing gonadal function in this species. As the analysis of hormone levels in feces allows for frequent, stressfree sampling with minimal disruption, this method should be preferred in long-term or in situ applications requiring endocrine monitoring.
Profiles of Fecal Steroid Metabolites in Wild Macaques
To investigate whether the noninvasive methods were applicable to wild females for determining reproductive status, excreted steroids in nine wild females were analyzed [7] .
Fecal samples from 6 of 9 wild females revealed an E 1 C peak. The remaining 3 females did not show a discrete E 1 C peak. Because PdG levels generally begin to increase following the E1C peak, we regarded the day when E 1 C level was highest among the continuous 3 days just before PdG level began to increase as the day of E1C peak. 8 of 9 females did not resume the next ovarian cycles b e c a u s e t h e i r f i r s t c y c l e s h a d r e s u l t e d i n conceptions followed by term pregnancies. The remaining female resumed her next ovarian cycles. For the 8 females that conceived, E 1 C levels increased again after the preovulatory E1C peak to levels comparable to that of peak and remained high. PdG gradually increased from the day of E 1 C peak and remained elevated beyond the estimated day menstruation would have occurred if females had not conceived (until Day +45).
Thus, in the wild females, ovulation and conception could be detected by fecal steroid profiles, indicating that monitoring fecal steroids is a useful technique in field studies of Japanese macaques. In the present study, levels of fecal steroids differed between wild females and captive ones, that is, the E 1 C peak was lower in wild females than that in captive females, and levels of PdG during early pregnancy in wild females was equivalent to those during luteal phase in captive females. The results indicate that levels of fecal steroids are lower in wild females than in captive ones. A previous study suggested that absolute fecal P concentrations decreased as quantities of dietary fiber increased in massive amounts in baboons [19] . Thus, dietary variation might be responsible for the observed differences in this study [7] .
Urinary Hormone Profiles during the Menstrual Cycle in Great Apes
Because of its close phylogenetic relation to human, great apes; orangutan (Pongo pigmaeus), gorilla (Gorilla gorilla), chimpanzee (Pan troglodytes) and bonobo (Pan paniscus) have subsequently attracted considerable interest in a wide range of research areas [1] . The aim of the present study is to determine the levels and patterns of urinary E 1 C, PdG and FSH during menstrual cycle of the great apes, and compare them with those of the human and macaque in order to contribute physiological information toward the evaluation of taxonomic links within the higher primates [9] .
The results showed that all profiles revealed a cyclic pattern in which the follicular and lutel c om p o ne n t s o f t he c y c l e c o u l d b e c l e a rl y distinguished. The length of the menstrual cycle was similar in most species with the exception of the bonobo, in which their follicular phase was generally longer. The differences in cycle length could be attributed to changes in the length of the follicular phase, while the length of the luteal phase remained relatively constant.
The pattern of urinary E1C during the menstrual cycle in the 4 species of great apes more closely resembled the human than do the long-tailed macaque (Figs. 3-5) . A major difference of E1C pattern between these species appeared in luteal phase. In the great apes and humans, E1C exhibited two peaks, the first occurring at approximately midcycle and the second peak occurring during the luteal phase. On the other hand, in the long-tailed macaque, increase of E 1 C in luteal phase was small or nonexistent and the absolute levels of E 1 C and PdG were generally lower. Thus, the pattern of E1C is variable and may reflect phylogenetic differences in the luteal phase. The pattern of urinary PdG during the menstrual cycles of the human and 4 species of great apes was also similar. In quantitatively, PdG was different between species. The human, chimpanzee, and bonobo exhibited similar PdG trends, whereas the gorilla excreted slightly less PdG levels than the human female. To our surprise, the orangutan excreted 1:10 less PdG levels than other species, only reaching levels of 0.3 µ g / m g C r d u r i n g t h e l u t e a l p h a s e . T h e requirement of adequate levels of progesterone for conception and pregnancy maintenance is well established in many species. Reduced fertility of the orangutan as a result of luteal insufficiency, reflected in relatively low levels of PdG during the luteal phase of the menstrual cycle. The long-tailed macaque also excreted low levels of PdG. The major progesterone metabolite in this species has been reported a compound immunoreactively similar to 20α-OH-progesterone, which is believed t o r e f l e c t t h e s a m e o v a r i a n a c t i v i t y t h a t pregnandiol, does in the other anthropoids [20] . The results suggested that there is considerable species variation in the excretion of these hormones during menstrual cycle. The methods and baseline data presented here provide the basis for a practical approach to evaluation and monitoring of ovarian events in the female great apes.
Urinary Hormone Profiles throughout Pregnancy and Early Lactation Period in Chimpanzees
Chimpanzees are the best models for human reproduction because their hormonal profiles are very similar to those of humans [21] . Yet, they are listed as endangered species and the number of wild living has decreased considerably. On the other hand, though some of them have never bred, the number of captive births increased and management problems such as costs and limited genetic diversity still exist in most of colony [22] . Knowledge of reproductive endocrinology would not only be important for enhancing reproduction, but would also provide the basis for controlling the fertility.
In order to know the hormonal profiles of pregnancy in chimpanzees, noninvasive methods for monitoring reproductive status of chimpanzee based on the measurement of urinary steroids and gonadotropins were examined [8] . Menstrual cycle length varied from 31 to 35 days (mean 33.3 days). Most of this variation occurred in the follicular phase (16-22 days, mean 18.6 days), while the length of the luteal phase varied from 14-17 days (mean 15.2 days). A typical preovulatory urinary E 1 C surge and postovulatory increase in PdG were seen during the menstrual cycle. Urinary FSH showed two peaks over the infertile menstrual cycle. The earliest changes indicating pregnancy were a coincident rise in E1C and CG levels and a concomitant fall in FSH levels (Fig. 6B) . Urinary PdG levels showed a prolonged rise. Urinary E 1 C in the pregnant chimpanzee was higher than during the non-fertile menstrual cycle and inc r e a s e d w i t h a d v a n c i n g g e s t a t i o n , w i t h maximum levels occurring near term. After parturition, E 1 C abruptly decreased to nonpregnant levels. Urinary PdG increased during the luteal phas e until Day 15.0 of pregnancy. Thereafter, PdG decreased to a nadir at Day 23.6 of pregnancy. The second gestational peak in PdG occurred at Day 36.3 of pregnancy, again followed by a subsequent decline. Urinary PdG remained modestly elevated from Day 70-150 followed by a progressive rise or plateau toward term. After parturition, PdG abruptly decreased to nonpregnant levels. A significant rise in CG was found after Day 13.6 of pregnancy, and levels remained high for about 100-150 days, with a peak at Day 20.6 of pregnancy. The CG peak was coincident with the PdG peak. Thereafter, CG levels fell gradually and remained consistently low levels during the last 50-100 days of pregnancy up to parturition. After parturition, CG decreased to non-pregnant levels. Urinary FSH decreased during the luteal phase of the fertile cycle, fell to a nadir at Day 22.0 of pregnancy, and then remained a t l o w o r u n d e t e c t a b l e l e v e l s t h r o u g h o u t pregnancy. After parturition, FSH increased immediately. Estrone conjugates (E 1 C) and PdG are abundant steroid metabolites excreted into urine in great apes [1] and known to accurately reflect changes in c o r r e s p o n d i n g c i r c u l a t i n g h o r m o n e s i n chimpanzees and other species of great apes, macaques and in humans [21, 23] . Therefore, measurements of these hormones in urine can reliably assess endocrine changes during the ovarian cycle. Detailed analysis of cycles requires measurement of PdG in order to confirm that ovulation occurred, as well as assays for FSH and/ or E1C to determine the approximate day of ovulation. At present, prediction of ovulation by measurement of these hormones alone is not possible, but the method is clearly of practical value for monitoring ovarian cyclicity and retrospective determination of ovulation. In the case of stillbirth, E1C and CG levels from mid through late pregnancy were low and the prepartum progressive increase in E 1 C was not shown (Fig. 6A) .
The present study demonstrated that pregnancy could be detected as early as 12 days after fertilization. Pregnancy could be detected by a sustained increase in E 1 C and PdG beyond the length of the normal luteal phase. Moreover, the simultaneous increase in CG and fall in FSH levels in urine by approximately 12 days following the midcycle gonadotropin surge are indicative of pregnancy. Like the changes in E1C and PdG, changes in FSH levels that take place in the luteal phase and result from the presence of CG are a biological response to the pregnancy signal. Thus, the information provided by the measurement of urinary FSH, in conjunction with measurements of urinary CG and steroids allows for early and accurate detection of pregnancy, and gives additional definition to the endocrine changes associated with implantation and to placental function during pregnancy.
The availability of reliable noninvasive methods for monitoring pregnancy in female chimpanzees offers new opportunities for improving the captive breeding management.
Non-instrumented Early Pregnancy Detection Test
The measurement of CG, a marker of trophoblast invasion and implantation, has been an important tool for the detection of early pregnancy and the u n d e r s t a n d i n g o f t h e e n d o c r i n e c h a n g e s surrounding implantation in many primate species [17, 24] . While a number of methods are available for CG determination, each method has several practical disadvantages when routinely applied. The aim of this study is to establish a reliable non-instrumented enzyme-linked immunosorbent assay (NELISA) for urinary mCG for early detection of pregnancy in macaques for use in both the laboratory and the field [6] .
Five rhesus monkeys (Macaca mulatta) and 6 crabeating monkeys (Macaca fascicularis) were tested for the presence of mCG in urine on gestational day (GD) 12 to 35. The mCG NELISA is a modification of ELISA [17] and the major change was a change in the solid matrix used. The end point of the assay is a color change, which is visible to the unaided eye. Without the aid of a spectrophotometer, the presence of mCG in pregnant monkey samples was indicated by a dark green color change (Fig. 7) . Non-pregnant monkey urine samples, on the other hand, exhibited no color change. Pregnancy was detected in these macaques as early as GD 14, with the average earliest detection of pregnancy at day 16.5 ± 1.4. Before GD 14 and from GD 29 onward, however, urine samples exhibited no visually detectable color change. In this sample set, the mCG NELISA had a sensitivity of 100% to detect pregnancy and a specificity of 100%. The predictive value of positive test was 70.0% and the predictive value of a negative test was 100%. Because capture and restraint are unnecessary for collecting urine samples, the mCG NELISA has widespread potential for confined and free-ranging animals. For practical purposes, the most efficient way to optimize assay accuracy is to test two urine samples from successive days from days 15 to 28 following the middle day of the mating period.
Social Behavior and Hormonal Correlation during the Perinatal Period
In human and nonhuman primates, composed to other mammalian orders, maternal care is characterized by high investment in terms of time spent in contact, grooming, and warming, prolonged for a considerable time due to the slow growth process and delayed independence of the o f f s p r i n g [ 2 5 ] . S i n c e p r i m a t e s a r e a l s o characterized by an intense and active social life [26] , considerable change in the social behavior of primates in relation to pregnancy and postpartum interactions with the newborn. At the same time, the perinatal period in primates is associated with marked fluctuation of steroid hormones, such as estrogen and progesterone [27] . Since there is now c o m p e l l i n g e v i d e n c e t h a t c h a n g e s i n t h e concentrations of these hormones are connected with changes in several social behavior, such as sexual behavior, affiliation, and aggression [28] , fluctuations in the concentrations of steroid hormones during the perinatal period are correlated to changes in the social behavior of pregnant females. This work assessed the changes in both social interactions and estrogen metabolite excreted in feces in eight group-living Japanese macaques [12] . We tested the hypothesis that the social behavior of pregnant females shows significant changes during the late prepartum and early postpartum period. We also tested the hypothesis that the marked fluctuation in estrogen levels during the perinatal period is associated with the changes in social behavior.
The results showed that pregnant females withdrew from the social life of their group in preparation for parturition and only slowly regained their normal social activity after delivery. These changes were correlated with the fluctuation in E 1 C excreted in feces, giving further evidence that hormones can enhance responsiveness to the infant and may predict maternal competence in macaques.
Peripartum Sex Steroid Changes and Maternal Style in Rhesus and Japanese Macaques
The subtle and complex relationships between the sequential maturation of the endocrine systems during pregnancy and parturition, and the hormonal role in activating the central system to express maternal behavior in primates, are far from being completely understood [11, 12, 29] . We used a comparative approach to assess the correlation between changes in the peripartum endocrine profiles and maternal styles in two closely related m a c a q u e s p e c i e s , h o u s e d i n a n a l o g o u s environment. We included in this study the first 7 Japanese macaque and 7 rhesus macaque motherinfant pairs born during the birth season. We observed each pair 3 h/wk (6 weekly 30-min observation sessions) during the first 12 wk of lactation. We collected fecal samples twice a week from each mother, starting 4 wk before parturition and ending 4 wk after parturition. We tested the hypothesis that neuroendocrine changes during pregnancy and lactation might specifically contribute to the regulation and timing of rejection. Despite their biological similarities, we observed a clear difference in maternal style between the two groups concerning rejection rates: rhesus macaque mothers rejected their infants earlier and more frequently throughout the whole 12 weeks of study. On the other hand, protectiveness showed similar patterns and values in the two groups, and independence was only slightly higher in the rhesus group, following a similar changing pattern over time. We also confirmed an association between maternal rejection and excreted estrogen, but not excreted progesterone, for Japanese macaques. This association was not apparent for the rhesus macaques. This result, coupled with the observation that rhesus mothers are more rejecting than Japanese macaque mothers, tends to support our hypothesis. As a group, rhesus macaques are less inhibited in the rejection of their infants, and this is paralleled by a less marked change in the primacy of estrogen in the last phase of pregnancy. On the contrary, higher levels of E 1 C and the E 1 C/ PdG ratio characterize the Japanese group. Therefore, according to our hypothesis, their tendency to increase the rejection rate may be suppressed through a feedback loop that enhances maternal motivation and results in a more tolerant outcome toward the infant [30] .
Endocrine Correlates of Rank, Reproduction, and Female-Directed Aggression in Male Japanese Macaques
Behavior appears to have a greater capacity to alter endocrine state [31] , and social factors are also influencing both hormones and behavior. Once a threshold hormone levels is surpassed, these become the primary stimuli modulating the expression on the behavior [32] . Although the fact that testosterone is intimately linked with aggression in primates is undisputed, the nature of their association remains highly contested. Both physical and psychogenic stressors are known to suppress reproductive function in male primates [33] and cortisol has been demonstrated to suppress testosterone production in rhesus m a c a q u e m a l e s [ 3 4 ] . I n t h i s s t u d y , f e c a l testosterone and cortisol levels in 6 wild male Japanese macaques, 3 of high rank and 3 of low, were analyzed to investigate the hormonal correlates of rank, reproduction, and femaledirected aggression [35] . The study encompassed the 6-month mating season, during which time 251 fecal sam ples and approximately 550 h of behavioral data were collected.
The results showed that dominant males were not found to differ from subordinate males in overall rates of aggressive or copulatory behavior. Likewise, testosterone excretion, which peaked in the early part of the mating season and declined gradually thereafter, did not differ significantly by rank. High-ranking males, however, were observed to excrete significantly higher levels of cortisol than low-ranking males, suggesting that dominance may carry costs. The two hormones were found to be inversely correlated in the two most dominant males, but independent in all others. Rate of noncontact aggression was significantly correlated with testosterone, while no significant relationships were observed between testosterone and contact aggression nor any aspect of copulatory behavior. These data further support the contention that social subordinance and stress are not inexorably linked, as well as suggest that elevated glucocorticoid concentrations in highranking males may reflect increased metabolic costs associated with dominant male reproductive strategy.
Conclusions
The noninvasive characteristic of excreted hormone monitoring provides a stress-free a p p r o a c h t o t h e a c c u r a t e e v a l u a t i o n o f reproductive status in both captive and wild living n o n h u m a n p r i m a t e s .
A l t h o u g h d i r e c t measurement of hormones in blood provide a more accurate representation of the temporal dynamics of endocrine events, urinary and fecal assessment offers the major advantage of allowing long-term monitoring of reproductive function from animals in which routine blood collection is impractical.
The methods and baseline data presented here provide the basis for a practical approach to evaluation and monitoring of endocrine events in these species. Accumulated hormone profiles can provide an accurate reflection of the reproductive status of each individual animal and the results may also be of importance in enhancing the captive breeding of these endangered animals. Moreover, this method for monitoring excreted hormone metabolites may allow researchers to study inters p e c i e s d i f f e r e n c e s i n h o r m o n e -b e h a v i o r relationships in nonhuman primates, which inhabit various environments in nature.
